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Abstract 


In this study, a natural mineral termed hydroxyapatite (HA) (Caio(PO4)s(OH)2) was produced 
with TiO stoichiometrically by normal sol-gel process. An investigation on how the different 
percentage weights of HA on TiO: can affect its optical and morphological properties was 
carried out, while the morphological nature and elemental composition were verified through 
scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDX) 
analysis. Consequently UV—visible spectroscopy was used to measure the absorbance data, 
where optical constants such as absorption coefficient, extension coefficient, refractive index, 
transmittance, absorbance, thermal conductivity, the electron-phonon interaction and steepness 
parameter were evaluated. According to the optical examination, the transmittance in the visible 
range is between (400 and 800 nm), and the absorption response in the UV region is between 
(200 and 400 nm) with an absorption edge occurring between (650 and 950 nm). The value of 
the absorption coefficient (a) and extension coefficient (k) of HA/TiO2 increased with an 
increase in the percentage weight (wt%) of HA. Equally, the optical conductivity increases with 
an increase in photon energy. In addition, the band gap energy decreases as the percentage 
weight of HA increases. 
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I. INTRODUCTION 


N=. line titanium dioxide (TiO) thin films have 
received a lot of attention in recent years due to their 
potential use as a low cost material in photovoltaics, gas 
sensors, photocatalysis, smart windows, antireflection 
coatings, optical filters, and dye-sensitized solar cells [7]. A 
variety of semiconductor photo catalysts, including TiOs, 
ZnS, Fe20O3, CdS, GaP, and ZnO, have demonstrated their 
effectiveness by breaking down different organic pollutants in 
the presence of light by observing the band gap energy of the 
light [8]; among these, titanium dioxide (TiOz) has gained an 
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interest in photocatalytic wastewater treatment owing to its 
thermal stability, and its higher chemical resistivity and robust 
mechanical properties [9-13]. Three crystalline forms of TiO2 
anatase (a), rutile (r), and brookite (b) as well as an amorphous 
form were discovered. These phases are easily recognizable 
considering their physical characteristics. The rutile and 
anatase phases are tetragonal in shape with the optical band 
gap of rutile (3.2 eV) less than that of anatase (3.0 eV). 
Anatase phase is known to exhibit better photocatalytic 
activity and is preferred over rutile for photodecomposition of 
environmental pollutants [14 -16], while the rutile phase 
exhibits better optical activity than anatase and is used for anti- 
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reflective and dielectric applications [17, 18]. However high 
dielectric constant of materials such as hydroxyapatite will 
enable the use of TiO2 thin films in micro-electronic devices 
[19]. Amorphous, anatase, and rutile thin films' varied 
characteristics have sparked a lot of interest in the 
investigation of their growth methods and the measurement of 
their energy band gaps due to the remarkable variations in the 
optical characteristics of TiO2 films caused by oxygen defects, 
impurities, and crystalline size. However, TiO2 use was 
limited because of its poor adsorption of contaminants [20, 21] 
and significant recombination of photogenerated electron-hole 
pairs due to the band gap's proposed energy. [22, 23]. 
Furthermore, combining TiO2 with substances like 
hydroxyapatite (HA), zeolite, silica, and activated carbon has 
been shown to improve the sample's optical and 
morphological characteristics, increase the active adsorption 
sites, and potentially speed up the mass transfer of mobility 
carriers and catalytic reactions. [24, 25]. However, 
hydroxyapatite (HA) Caio(POa)6(OH),, is less expensive, has 
excellent mechanical stability, non-toxic and biocompatible 
[26]. It has hydroxyl ions (OH-) in its hexagonal structure, and 
in the presence of the necessary band gap energy, these OH- 
ions may also boost electrical conductivity and charge carrier 
capacity. [27, 28]. Additionally, during the photocatalytic 
process, the PO, groups on the HA surface produce O2 accept 
radicals, and these radicals may function as an electron 
receiver to achieve the separation of electron-hole pairs [29, 
30]. 

Reference, [31] carried out an assessment of the structural, 
optical, and mechanical properties of the composite material 
for dental aesthetic application, as well as the effect of the 
nanostructured hydroxyapatite (NHAp) and titanium dioxide 
nanoparticles (NTiO2) on dispersion in an adhesive containing 
monomers of dipentaerythritol penta-acrylate monophosphate 
(PENTA) and urethane dimethacrylate (UDMA). The mixture 
that resulted from the combination of NHAP 75%Wt — 
NTiO2 %25Wt, at (10Wt%) into a dental glue, displayed the 
ideal aesthetic white appearance. They came to the conclusion 
that the nano composite PENTA/UDMA with nano 
hydroxyapatite and titanium dioxide combinations may be 
considered as a mechanical toughened, as well as a possible 
constituent that could be used to adjust shade attributes for 
dental aesthetic use but failed to give the details about the 
carrier mobility of the thin film at a different Yowt of the 
nanocomposites of hydroxyapatite and titanium dioxide [31]. 
The manufacturing and characterization of 
hydroxyapatite/titanium nano composites for medical dental 
purposes have also been explored by [32]. TiO2/HAp 
combination is promising in the field of biomedical 
applications as thin films which are mechanically separated. 
Furthermore, the use of TiO2/HAp for enriching dental 
adhesives and photovoltaic application was discussed in [33]. 
Despite this stoichiometric analyses, further research is still 
required to fully comprehend the optical and morphological 
behavior of HA/TiO:2 in photovoltaic applications. Therefore, 
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it is anticipated that the creation of HA/TiOz composite will 
improve its optical characteristics, adsorption capacity, and 
reduce the recombination of the electron-hole pair created 
during the photocatalytic process. Therefore, the goal of this 
study is to evaluate the nature of the optical and morphological 
characteristics of HA/TiO2 at various hydroxyapatite 
percentage weights. (Owt%, 30wt %, 40wt %, 5Owt %, 60wt 
%, 70wt % and 80wt %), and its use in photovoltaic cells as a 
foundation for its development. 


Il. MATERIALS AND NUMERICAL METHOD 


A. Materials 


The materials used include 1.7244g per 20ml of TiO2 
solution, 4.31lmg of HA per 2ml solution, glass slides of 
dimensions 2.5mm xX 2.5mm all with 99.9% purity, and glass 
slide plate of 2.5mm x 2.5mm Titanium (IV) isopropoxide 
[Ci2H2sO04Ti] (TTIP). Serum plain micro point diagnostics 
vacuum tube. Propanol, acetic acid and orthophosphoric acid 
[H3PO,]. Calcium to phosphate ratio (ca/pa) 1.65 — 67. 


B. Method 


1) Preparation of HA/TiO2 Composite Thin Film and 
Characterization 

The source material for titanium (Ti) was titanium (IV) 
isopropoxide [C;2H2gO4Ti] (TTIP), which had a purity level of 
99.99%. The solvents utilized were propanol and double- 
distilled water (dH20), while the stabilizing agent used was 
acetic acid. Solaronic provided the propanol, acetic acid, and 
orthophosphoric acid [H3PO,]. Tiny glass slides with 
dimensions of 2.5mmx2.5mm _ were employed as 
substrates. The substrates were first cleaned with soap solution 
for 5 min, and then they were placed in a hot bath of chromic 
acid for 20 min at 50°C. The substrates were then rinsed with 
distilled water and cleaned with an ultrasonic cleaner. The 
stoichiometric analysis of 1.7244 g per 20 ml of TiOz solution, 
which included 2930 g, was combined with a proportion of 
4.31lmg of HA per 2 ml of solution to produce a prepared 
solution of HA/TiO2 nano composite. By stoichiometric 
analysis, the weight percentages of HA (0, 30, 40, 50, 60, 70, 
and 80) with an equivalent volume of TiO2, were obtained 
while (1) was used to determine the appropriate mass of HA 
in grams. 


x 


WEA (4.311+x) (1) 
Similarly, (2) was used to obtain the volume of TiOz, 

x 
Vrio. = 20x 5ea0 (2) 


Where x stands for equivalent mass (m/g) of HA and TiO>. 


Drops of 20 ml TiO: and propanol suspension were added to 
the HA mixture at various percentages, and the mixture was 
rapidly agitated for 2 hrs. The reaction mixture was 
ultrasonically treated using 60W Bath Sonicator, PCI 
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Analytics, for a further 4 hrs. The reaction mixture was then 
centrifuged at 6000 RPM for 20 mins to collect the produced 
HA/TiO2z composites, and then autoclaved for 8 hrs at 190°C. 
The TiO? film was deposited on the slide glass to fabricate a 
4 nm thick film; thereafter HA was coated to obtain a 4 nm 
thickness. The total film thickness was 8 nm. In addition, the 
film was annealed in air for four hrs at 350 °C in an electric 
furnace. Using XRD (RINT2000, Rigaku Corp., Japan), the 
crystallinity of the films was assessed using a Cu K radiation 
source operating at 45 kV and40 mA excitation current. 
Furthermore, a Thermo scientific Evaluation 300 UV- Vis 
absorption spectrophotometer (300UV; Jasco Corp., Japan) 
was used for the optical characterization. The thin films 
obtained at different percentage weight of HA is shown in 
Table I. 


Table I Thin films obtained at different percentage weight of 
HA 


Sample code a HA/TiO2 Compositions Sample Image 
HA wt% HA (m/g) TiOz (ml) 

HA/TiO2 1 0 0 0 

HA/TiOr 2 30 1.847 20 

HA/TIO, 3 40 2.874 20 j 

HA/TiO2 4 50 4.311 20 re | 

HA/TiO2 5 60 6.466 20 acetal 

HA/TiO2r 6 70 10.059 20 I 

HA/TiO2 7 80 17.244 20 dest 


2) Theories for HA/TiO? Evaluation 
Absorbance (A) is the ratio of the amount of light absorbed by 
the sample (IA) to the amount of light incident on it (IO). 


IA 


Transmittance T is given by 

T = e(-2:3034) (4) 
Reflectance R is calculated as in (5) 
R=1-(A+T) (5) 


The reflectance data is used to calculate the refractive index 
(n) of the thin film using (7) 


_ (n-1)? 

Re Gay (9) 
_ (14vR) 

n= (1—vR) (7) 


The extension coefficient (k) was calculated using (8). 
H=n + ik (8) 


Where 77 is the real refractive index, 7is the complex 
refractive index and k is the imaginary part named as 
extinction coefficient. Extinction coefficient provides 
information about the absorption of light in material medium 


MAT. FOR 3RD GEN. SOLAR CELLS AND OTHER ENG. RELATED APPS. 


due to inelastic scattering. It is known that extinction 
coefficient and absorption coefficient can be related by (9). 


_ a(aya 
k(a) == (9) 
Where, k(A) is the extinction coefficient,a(A) is the 


absorption coefficient and A is the wavelength. 


The complex permittivity is divided into two parts: real 
dielectric constant (€,) and imaginary dielectric constant (€) 
given by (10) 


(Ex) = (€1) + i(e2) 


The real and imaginary parts of the complex permittivity are 
related to (7) and (k) as given (11) and (11). 


(10) 


a =n i (11) 
€2 = 2nk (12) 
The optical conductivity is calculated using (13) 

anc 
Oopt = yan (13) 


Where a is the absorption coefficient, 7 is the refractive index 
and c is the velocity of light. 


Band gap is generally determined using the absorption 
coefficient in Tauc method. In this method, the absorption 
coefficient and thickness of the layers are generally required 
to determine the band gap. The Tauc equation for measuring 
band gap energy was used in this study and is given by (14) 
[34-35]. 


a(hv) = A(hv- Eg)" (14) 


In optical absorption, an electron from the top of the valence 
band is typically stimulated into the bottom of the conduction 
band across the energy band gap, close to the band boundaries. 
If these electrons experience disorder during this transition 
process, it results in density of their states given as p(hv), 
where hv is the photon energy tumbling into the energy gap 
and p is the electron density of state. This tail of p(hv) 
extending into the energy band gap is termed as Urbach tail. 
Consequently, absorption coefficient a(hv) also tails off in an 
exponential manner and the energy associated with this tail is 
referred to as Urbach energy and can be calculated using (15). 
a(hv) = a,e Ew 


(15) 
Where a, is a constant, hv is the photon energy and E,, is the 


Urbach energy. 


III. RESULTS AND DISCUSSION 


Fig. 1, depicts the optical absorption spectra of HA/TiO2 
composite thin films with percentage weights (wt %) of 0, 30, 
40, 50, 60, 70, and 80 based on the absorbance information 
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from the UV-visible spectrometer, which was recorded in the 
spectrum of wavelengths spanning from 400 nm to 1100 nm. 


1.0 


—oOwt% HATIO, 


0.8 
— 30wt % HA/TiO2 

> 
Ss 40wt % 
e ° 50wt % 
z eS ——~ 60wt % 
=I —  T70wt% 
2 ——— 80wt % 
= 0.4 
z 
i 
= 


S 
iS} 


0.0 


600 
Wavelengh (nm) 


800 


Fig. 1 optical absorbance of HA/TiO:z at different wt %. 


The strong reaction in the UV area was seen to occur between 
200 and 400 nm, with the absorption edge occurring between 
650 and950 nm. The reason for the absorption edges of 
HA/TiO2 at 650 nm is due to the charge transfer from the 
valence band to the conduction band of the Ti** cations, as a 
result of enhancement of HA/TiO2 films compactness 
(shrinkage of the bond length). This is in agreement with 
research done by [36]. In addition, the broad intense 
absorption edge of the spectrum is as a result of formation of 
anatase nanoparticles. Here, the absorption band 
corresponding to the HA/TiOz nano composites gets blue 
shifted, the shift of the absorption band towards shorter 
wavelength indicates decrease in particle size, while the 
absorption edges get red shifted indicating an increase in the 
particles size of HA that are active in TiO2 layer, which is also 
consistent with the result of [36]. Equation (5) was used to 
calculate the optical transmittance of HA/TiO2 at various 
weight percentages. The presence of 0 weight percent of HA 
particles on TiOz was observed to have a maximum 
transmittance of greater than 95% in the visible light band 
(400 - 800 nm). Low HA particle density results in small 
particle sizes, which opens up more possibilities for high 
transmittance capacitance at 0 weight percent of HA/TiO2 
layer. Contrarily, spectra transmittance sharply decreased at 
the UV region, leading to an obvious absorption edge being 
observed at 680 nm. This could be due to an increase in the 
percentage weight of HA on TiO2, which results in larger 
particle size that will trap the UV- light and reduce the degree 
of transmittance in HA/TiO2 and is consistent with the results 
of [37]. After subsequent percentage weight of HA on TiO2 
and moderate heat treatment, the transmittance of the 
HA/TiO> film decreased by around 8% in the visible light 
region. This is because the crystal grain grows with heat 
energy. In addition, it was reported by [37] that the grain size 
of TiO2 film increase with annealing temperature from an 
atomic force microscopy observation, and the transmittance of 
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the film decreased. Fig. 2 demonstrates that the HA/TiO2 film 
has an average transmittance of 97% in the visible spectrum, 
which is still a high transparency. 


Transmittance(%) 


400 600 800 


1000 
Wavelengh(am) 


Fig. 2 Optical transmittance of HA/TiO>2 at different wt %. 


4. Optical Constant of HA/TiO2 

Equation (9) was used to calculate the variation in absorption 
coefficient with wavelength for various weight percentages of 
HA at wavelengths between 300 nm and 1200 nm. Different 
weight percentages of HA/TiO2 were absorbed at the same 
wavelength and with identical absorption edge values in the 
ultraviolet region of the electromagnetic spectrum. Fig. 3 
shows that the absorption increases as the weight percentage 
of hydroxyapatite increases in TiO2, except at 0% and 40%, 
where there is an abnormality with a higher absorption 
coefficient value (36000000 and 25000000). This may be due 
to a lack of or a small percentage of hydroxyapatite 
nanoparticles, which could disperse uniformly in the matrix 
with enough TiO, proportion and significantly lessen the 
agglomeration effect of the hydroxyapatite nanoparticles. 
Thus increasing the absorption coefficient with little or no HA 
nanoparticles, which is consistent with findings of [38]. 


40000000 


35000000 


= — Ow 1% HA/TIO; 
25000000 —— 30wt% HATO; 
= —— 40wt% HA/TiO, 
© 20000000 —— 50wt% HATO; 
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B.15000000 
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— 80w 1% HA/TiO7 
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Fig. 3 Variation of Absorption Coefficient of HA/TiO2 with 
Wavelength at different wt % of HA. 
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Furthermore, an increase in the size of the active particles may 
boost the charge transfer of the Ti** cations from their valence 
band to their conduction band, resulting in an increase in the 
absorption capacity of HA/TiO2. This was in line with the 
outcome of [35]. The extension coefficient (k) of HA/TiO2 is 
shown in Fig. 4 at various weight percentages of HA. It is 
defined as the portion of energy lost by scattering and 
absorption per unit thickness in a specific medium of 
HA/TiOz, and it was calculated by means of (10) using the 
absorbance data. It is evident that the extension coefficient is 
large at 0 weight percent and low at 40 weight percent of HA. 
Fig. 4 depicts the relationship between the absorption 
coefficient (k) of HA/TiO2 and wavelength. These values were 
observed to rise when HA weight percentage increased (up 
to 80 wt%). According to [37], the tiny weight percentage of 
HA shows that the composite samples are still transparent to 
electromagnetic radiation, which increases the extension 
coefficient, However, it is clear that there is some interaction 
between photons and the films electrons from the variation in 
the refractive index (7) and extension (k) values with 
wavelength for HA/TiO2. Additionally, an increase in 
extension coefficient (k) values at high wavelength for wt% 
of HA suggests that more photons are scattered when HA is 
introduced, which is consistent with the findings of [38]. 


1.00E+010 


Owt% HA/TiO, 
—— 30wt% HA/TiO, 
—— 40wt% HA/TiO, 

S0wt% HA/TiO, 
~~ 60wt% HA/TiO, 
—— 70wt% HA/TiO, 


8.00E+009 


6.00E +009 


4.00E +009 aff |! — $0wt% HA/TIO, 


Extinsion coeffecient(k) 


2,00E +009 


0.00E +000 


600 300 
Wavelength (nm) 


Fig. 4 Variation of Extension coefficient (k) of HA/TiO2 with 
wavelength at different wt % of HA. 


Fig. 3 and 4 show the values of HA/TiO2 absorption 
coefficient (k) and extension coefficient (k) at a specific 
wavelength of 300 nm. These numbers indicate a rising trend 
in the weight percentage of HA. This is consistent with the 
work of [37, 39]. Fig. 5 shows the refractive index dispersion 
(n) for several doped HA/TiO2 materials at wavelengths 
between 300 and 1100 nm, which were calculated from the 
absorbance values using (8). The refractive index (7) rises 
with increasing %wt of HA thin films up to0.325 in 
HA/TiOs;, and the increase in thin film dispersion occurs at 0% 
of HA/TiOz (see Fig. 5). Additionally, it has a high 
wavelength value with its lowest refractive index at 40 wt % 
HA and greatest refractive index at 0 wt% HA, respectively. 
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According to [40], the refractive index (7) is tunable upon 
addition of several wt% of HA ona substrate as evidenced by 
the increase and reduction in refractive index (7) with 
increasing wt% of HA/TiOz. As can be seen from Fig. 5, the 
refractive index drops sharply as wavelength rises and 
becomes saturated above a wavelength of 1000 nm. The bulk 
qualities of the material are represented by the high 
wavelength area of the refractive index (7). The percolation 
threshold phenomena may be responsible for the abrupt rise in 
refractive index (7) for TiO2 volume and weight percentage 
of HA; this is in line with [41]. 


0.35 


—— Owt% HA/TIO, 
30wt% HA/TIO, 
40wt% HA/TIO, 
HA/TIO, 
HA/TIO, 
% HA/TIO, 


0.30 


0.25 


0.20 ~~ 8Owt% HA/TIO2 


Refractive indes (n) 


0.15 


0.10 


400 600 300 1000 
Wavelength(nm) 


Fig. 5 Variation of Refractive index (7) with Photon Energy 
of HA/TiO> at different wt % of HA 


B. Optical Conductivity. 

Fig. 6 shows how the optical conductivity (opt) of thin films 
made of HA/TiO2 varies with photon energy. The optical 
conductivity of HA/TiO> thin films at several wt % of HA is 
clearly shown to rise with an increase in photon energy. Since 
the optical conductivity (opt) was calculated using the 
absorption coefficient, an increase in the optical conductivity 
at high photon energies may be caused by the high absorbance 
of HA/TiO> thin films as well as by electrons that are excited 
by the energy of the photons due to an increase in the weight 
percentage of HA, which in turn increases the number of 
mobility carriers and thus the conductivity. This is consistent 
with [42]. 


—— Owt% HA/TIO, 
30wt% HA/TIO, 
———~ 40wt% HA/TIO, 
S0wt®% HA/TIO, 
= 60wt% HA/TIO, 
—— 70wt% HA/TIO, 


~ 80wt % HA/TIO2 


Optical conductivity(sec') 
ee 4 
>: = 

= 8 


8 


° 
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6 Variation of Optical Conductivity (sec"!) with Photon 
energy of HA/TiO> at different wt% of HA. 


Fig. 
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Optical conductivity is at a minimum level 
of (25000-5000) sec~?; this low value is a result of a 
reduction in charge carrier mobility due to ionic size, which, 
in turn, causes a change in the electronic band structure. As 
electrical conductivity is proportional to carrier concentrations 
and mobility, the optical conductivity of HA/TiO>2 thin films 
is seen to increase with increase in applied energy. This is 
consistent with the study carried out by [43]. 


C. Optical Band Gap Energy 


Fig. 7 display the Tauc method for band gap determination of 
HA/TiO2 at different percentage weight of 
hydroxyapatite (wt%). 


8.00E+015 
— 0% HATIO, 
— 30wt% HA/TIO, 
—— 40wt% HA/TIO, 
— S0wt% HA/TIO, 
—— 60wt% HA/TIO, 


7.00E+015 
6.00E +015 
“1 5.00E+015 
& 
Ym 4.00E +015 
S 
= 
3 
3 


3.00E+015 


— Towt% HA/TIO, 
~~ 80wt% HA/TiO, 


2.00E+015 


1.00E+015 


0.00E +000 


-1.00E+015 


Fig. 7 Variation of (ahv)? (ev)? against hv(ev) optical 
bandgap of HA/TiO:z at different HA wt%. 


The band gap energy is obtained by extrapolating the linear 
portion of a curve and intersecting it with the horizontal axis, 
there by estimating an appropriate value for each percentage 
weight of HA using (14), and the value of estimated band gap 
energy is shown in Table II. 


Table II. Optical bandgap, Urbach energy, steepness 
parameter and electron phonon interaction parameter values. 


SN HA £,(eV) _&,(eV) 0 a 

| 0 3.61 15.22 9.07 1x10 6.047x10°° 
2 30 3.57 1.10 3.765x107 2.51x107 
3 40 3.51 3.97 1.39112x10™ 9.27x10% 
4 50 3.38 4.28 1.6129x10 1.07526x10” 
5 60 3,58 1.74 4.761x10 2.853x10 
6 70 3.25 7.07 1367x107 9.1 1x10 
78) 322 854 A298 86x10 


The analysis proved that, at 0 wt% and 30 wt% HA/TiO2 
the band gap energy has an estimated value of 3.61 eV 
and 3.57 eV. In addition, at 40 wt%,50 wt% and 60 wt% 
the observed value of band gap energy at each point 
is 3.51 eV,3.38 eV, and 3.56 eV respectively. However, as 
the percentage weight of HA/TiOz2 increases to 70 and 80 the 
estimated value of band gap was observed to be 3.23 eV 
and 3.25 eV. From results obtained, it’s clearly shown that, 
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the band gap of a materials decreases as the percentage weight 
of hydroxyapatite increases within a range 
of (3.61 - 3.25) eV, except at 60wt% with an increase in the 
band gap value of about 3.56 eV. The lower value of Ey is 
attributed to the creation of allowed energy states in the band 
gap [45, 46] as a result of increase in particles size at the time 
of film preparation, while the higher value of E, is accounted 
to the very small grain size of the film leading to an increase 
in the grain boundary, hence increase in the band gap energy. 
This is in agreement with the research conducted by [46, 47]. 


Fig. 8 is the plots of In(@) versus photon energy, showing 
the distortion that occurs at different percentage weights of 
hydroxyapatite on titanium dioxide. Its values were achieved 
by determining the reciprocal of the slope from the linear 
region of the graph. Three different types of absorptions are 
used to categorize the significant elements of Fig. 8 (a, b, c, d, 
e, f, and g). The first is the WAT (Weak Absorption Tail) area, 
which is attributed to the modest optical absorption (a) 
controlled by optical transitions from one tail state to another 
tail state. 

The second is Region-U, which agrees with [47] and is 
where transitions from localized tail states above the valence 
band to extended levels in the conduction band and/or from 
extended states in the valence band to localized tail states 
below the conduction band control. The spectral dependency 
of this area adheres to the Urbach rule. The third is Region-T, 
which shows the range of controlled by optical transitions 
between one extended state and another extended state, which 
occur at various percentage weights of HA/TiO2. The majority 
of the semiconductors in this region that are amorphous and 
nanocrystal line follow Tauc's relation. As a result, the level 
of increase in WAT and Urbach energy can be utilized to 
quantify the degree of disorder in the films. From Fig. 8 (a), 
the obtained Urbach energy value was calculated to 
be 15.22 eV at a percentage weight of 0 % HA. However, as 
the percentage weight of HA _ increased _ to 
30 wt% , 40 wt% and 50 wt% , as shown in Fig. 8 (b, c, and 
d), there was a consistent increase in the Urbach energy, with 
Urbach values of 1.10 eV, 3.97 eV, and 4.28 eV, respectively. 
The Urbach energy value was then estimated to 
be 1.74 eV, 7.07 eV, and 8.84 eV, respectively, as the weight 
percentages of HA were increased to 60 wt%,70 wt%, 
and 80 wt% as shown in Fig. 8 (e, f, and g). The increase in 
Urbach energy was often seen to occur in two stages, the first 
of which is depicted in Fig. 8 (b, c, and d) at 30 wt%, 40 wt% 
and 50 wt% at a specified range of Urbach values of (1.10 — 
4.28) eV. While the second stage occur at (60,70, 
and 80) wt% HA at an estimated Urbach value ranging 
from (1.74 to 8.84) eV as depicted in Fig. 8 (e, f, and g). The 
degree of disorderliness of thin films is clearly shown to 
increase at each stage as the weight percentage of HA 
increases, with the exception of the zero weight percentage, 
which exhibits a high degree of disparity that may be caused 
by a higher density of the localized state, according to [48]. 
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Fig. 8 plot of In(@) versus hv(ev). Urbach energy of HA/TiO> at different HA wt% (a) 0 wt% (b) 30 wt% (c) 40 wt% (d) 
50 wt% (e) 60 wt% (f) 70 wt% (g) 80 wt%. 
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The degree of disorderliness of thin films is clearly shown to 
increase at each stage as the weight percentage of HA 
increases, with the exception of the zero weight percentage, 
which exhibits a high degree of disparity that may be caused 
by a higher density of the localized state, according to [48]. In 
accordance with [49], it can also be assumed that increases in 
the Urbach energy are the result of more defects or table 
dangling bonds between HA and TiO2. The increased 
disorderliness may be caused by an increase in grain size, 
which causes a crystal to dislocate, increasing the disorder of 
the thin film. This was in line with the outcome of [50]. 


The relation between the bandgap energy and the width of 
Urbach tail is shown in Fig. 9 for films deposited at HA = 
0 wt%, 30 wt%, 40 wt%, 50 wt%, 60 wt%, 70 wt% 
and 80 wt%. The bandgap reduces as E,, grows, with the 
exception of 30 and 60 wt%, where there is a tiny value of 
urbach energy, which may be due to the thin film's reduced 
disorderliness. Therefore, a linear fit was created. The 


decrease in band gap as the Urbach energy increases may be 
caused by an increase in the dispersion of grain size. This drop 
in bandgap results in an infinitesimal band tailing. The 
bandgap energy at E, = 0 or the bandgap in the absence of 
tailing is represented by the constant A resulting from the fit. 
The obtained values are 3.64664 eV for the substrate at 
different percentage weight of HA and this values correspond 
with the value of band gap energy at the initial stage. So the 
bandgap value in the case of no tailing decreases with the 
increase in the substrate percentage weight of HA, which is in 
accordance with the known situation of semiconductors. This 
result supports our aforementioned explanation on the 
decrease of bandgap energy with an increase in percentage 
weight of the substrate. In other words, films with a higher 
percentage weight of HA have more order and a lower density 
of localized states. The slope of the straight lines is equal 
to —3.899. This linear relationship between bandgap energy 
and Urbach tail diameter was also discovered by [51]. 


E,Tauc(eV) 


A = 3.64664eV 


= —3.899 


8 10 
E,Tauc(eV) 


12 16 


l4 


Fig. 9 relation between the bandgap energy and the width of Urbach tail for HA/TiO2 thin films deposited at different 
percentage weight. 


D. Morphological Characterization. 

For the investigation of the morphological characteristics of 
the thin films that were deposited at various wt% HA, 
scanning electron microscopy (SEM) was used, as shown in 
Fig. 10. It is clear that spherically-shaped nano scale HA/TiO2 
particles with various HA content weights have fully covered 
the glass substrate. Because the crystallites generated from the 
solution at low deposition rates had well-defined multi-grain 
agglomerates with unequal shape and size, it was found that 
the influence of low %wt deposition of HA on TiOz a tiny 
crystal size could be plainly seen demonstrating a tiny area of 
nano particle aggregation. A consistent semi-spherical TiO2 
and HA particle structure was also observed to evolve as the 
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size of the nanoparticles in the films increased due to an 
increase in the weight percentage of HA. This clearly shows 
how TiO2 was impacted by various HA %wt. The fact that the 
growth of TiO2 microspheres was initially reduced by the 
hydroxyapatite nanoparticles by prematurely stopping the 
growth process, as illustrated in Fig. 10 in 0 wt% and 30 %wt 
HA. 


Also, irregularly shaped particles were changed to semi- 
spherical particles as percentage weight of HA increased. 
However, despite the rather thick HA/TiO:2 coatings becoming 
more durable as the HA percentage weight grew, numerous 
cracks still showed up on them. In general, small titanium 
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grain aggregates caused the formation of nucleation centers 
that ranged in weight percentage from 0 %wt to 40 %wt, but 
more significantly, complete covering of the underlying 
HA/TiO2 was seen when the percentage weight 
reached 50 %wt, uniform dispersion at the surface of titanium 
particles was then seen, which is consistent with [52]. The fact 
that as the percentage weight of HA increases from 


(60 to 80 %wt), the film thickness increases along with an 
increase in particle size, where the TiOz particle dominates the 
HA particle in thin films due to uniform distribution of HA 
nanoparticle on TiO2 which may lead to a better association 
for electron phonon interaction, thereafter given a better 
foundation for a photovoltaic cell. 


Fig. 10 SEM images of HA/TiO2 composite thin films at different Ywt of HA 
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E. EDX Analysis 


An energy dispersive x-ray spectroscopy (EDX) analysis is 
recorded during the SEM analysis which gives information 
about the elemental composition. The EDX spectrum was 
captured with a working distance of 12.9mmand an 
accelerating voltage of 15 kV. The EDX spectrum was 
acquired from the top view of a nano composite film made up 
of 60 %wt HA/TiO:2 as depicted in Fig. 10 with the aid of a 
fast moving electron X-ray signals. When compared to the 
peaks that belong to P, which are gathered at 2.0 keV, the 
oxygen peak at 0.5 keV shows that Oxygen is the dominant 
peak with a percentage weight concentration of 
roughly 6.5 keV compared to the peaks corresponds to P 
which is collected at 2.0 keV. The absence of the calcium and 
Ti peaks is due to the host and dopant's high absorption 
capacity, which occurs at a clearly steep point at 60 %wt of 
HA, as shown in Fig. 11. P, C, Si, Na, and O are present in the 
top portion of the HA/TiOz nano composite film layer of the 
sample. The EDX analysis clearly revealed the presence of 
main elements of the composites is P, and O. and 
nonappearance of Ca and Ti due to the high degree of 
steepness value at 60 wt% of HA. 


Fig. 11 EDX profile of HA/Ti02 composite thin film of HA 


F. Estimation of Steepness Parameter and Strength of 
Electron-Phonon Interaction 

To ascertain the deep information about defect density and 
relaxation of distorted bonds, these were fully achieved by 
evaluating steepness parameter and strength of electron— 
phonon interaction. The supporting information includes 
information on the steepness parameter, the strength of the 
electron-phonon interaction, and the relevance of each. The 
following equations are used to estimate the steepness 
parameter (c) and the strength of the electron-phonon 
interaction (E,_»). 


__ KgHAP 
Eu 


(16) 
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The calculated values of o and E,_, are listed in Table II. The 
changes in steepness parameter and strength of electron— 
phonon interaction with increase in percentage weight of 
hydroxyapatite is shown in Fig.12. The plot demonstrates that 
the strength of the electron-phonon interaction decreased as 
the steepness of the thin films parameter rose with the 
elevation of %Ywt HA. This could be due to an improvement 
in crystallinity in the film, which is indicated by an increase in 
the percentage weight of hydroxyapatite. This change is also 
connected to decrease in defect density states close to the 
exponential absorption edge and the relaxation of deformed 
bonds [53]. 


—— Electron phonon interaction 


9.2x10-23 9.07x10-25 


Q —@— steepness parameter 


9.1x10-23 4.76x10-22 


8.6x10-23 3.75x10-22 
 6.04x10-25 
% 
ita) 


2.8x10-22 


1.61x10-22 

° 
1,39112x10-22 
1.0710-22 


1.36x10-22 


2.5x10-23-- 1.2933x10-22 
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Fig. 12 Variation of o and ‘E,_, of HA/TiO2 films with 
different wt% Hydroxyapatite. 


IV. CONCLUSION 


The optical and morphological properties of hydroxyapatite 
on titanium dioxide particles for photovoltaic applications was 
examined. HA/TiOz2 thin films with various HA 
concentrations were synthesized and examined, with results 
indicating that as the percentage weight of HA grows, optical 
parameters including transmittance, absorbance, absorption 
coefficient, extension coefficient, and refractive index 
increase respectively. Additionally, the band gap energy 
values drop as the percentage weight increases, whereas the 
thermal conductivity increases with an increase in photon 


energy. The observed maximum band gap energy 
was 3.61 eV, while the Urbach energy was 
between 15.22 and8.54eV, increasing at a _ rate 


of 30 % to 50 %, then declining at 60%, and then increasing 
at arate of 70% to 80%. The relationship between the bandgap 
energy and the width of the Urbach tail was examined, and it 
was found that as the value of E,,increases, the bandgap 
decreases with the exception of at30 wt% and 60 wt, 
where a small value of Urbach energy is present. This low 
value of Urbach energy may be due to the thin film's reduced 
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disorderliness. The obtained values are 3.64664 eV for the 
substrate at various percentage weights of HA. Additionally, 
semi-spherical TiO2 and HA particles were discovered with 
increasing film nanoparticle sizes, according to morphological 
investigations. Additionally, it was thoroughly demonstrated 
that the strength of the electron-phonon interaction and the 
steepness parameter both changed when the percentage weight 
of hydroxyapatite rose. This is because the percentage weight 
of HA increased together with the steepness of the thin films 
parameter and the electron-phonon interaction become 


weaker. 
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